In this paper, the empirical Green's function is calculated based on a method that inverts the radiation patterns of earthquakes. The method utilizes several close-lying earthquakes with known focal mechanisms that are received by a common seismic station. The empirical Green's function between the given source area and the seismic station is then calculated by extracting common features and phases from earthquake waveforms. This is achieved through removing the effect of focal mechanisms from the waveforms and combining the remaining terms based on a damped least-squares approach. The resulting function represents the main characteristics of the propagation path after the waves have left the source area until they are received by a given seismic station. The application of the method is not limited by any requirement to make any separations of seismic phases and the earthquakes used are not required to have the same focal mechanisms. In this research the method is applied to two different data sets, including local Icelandic and regional Iranian earthquakes. In the latter data set the 1990 June 20 Iranian earthquake (Mw=7.4) was modelled at broad-band seismic station KIV in Russia.
I N T R O D U C T I O N
In classical applications of empirical Green's function methods, normally the waveform of a small earthquake occurring in the source region of a large earthquake is taken as an empirical Green's function of the large earthquake for a given seismic station (e.g. Capuano et al. 1994) . These methods have two major limitations. First, the corner frequency of the small event has to be high enough in comparison with the corner frequency of the large event and at the same time the signal-to-noise ratio of the two events should be reasonably high at a given seismic station. Second, in order to avoid the complexity of having different focal mechanisms, the two events should have the same focal mechanisms. Plicka & Zahradnõ Âk (1998) introduced a new method for calculating the empirical Green's function, which is the motivation of the method introduced in this article. According to their method, empirical Green's tensor spatial derivatives are calculated based on the representation theorem (Aki & Richards 1980) by removing the focal mechanisms of earthquakes from the waveforms. Contrary to Plicka & Zahradnõ Âk (1998) , who determined the Green's function in the usual manner as a response to excitation by elementary dipoles along the coordinate axes of a ®xed Cartesian system, in the current research the Green's function is de®ned as a response to excitation by vertical strike-slip, vertical dip-slip and 45u-dipping dip-slip faults (three fundamental faults). The basic idea behind the two methods is the same but the way they approach the problem is different. Below, the theory of the method is ®rst explained and the applications are then discussed.
M E T H O D O L O G Y
The Fourier transforms of the observed displacements at the free surface of the Earth due to an arbitrarily oriented doublecouple point source are de®ned as (Herrmann & Wang 1985; Jost & Herrmann 1989) 
where w, q and o are vertical, radial and tangential displacements, respectively, r stands for the epicentral distance, 0 indicates that measurements are made on the free surface and v implies that the expressions are evaluated in the frequency domain. The functions Z ii , R ii and T ii are the components of the Green's function required to evaluate a whole waveform excited by a double-couple source (the isotropic components of the Green's function are ignored). The subscripts SS, DS and DD are the three fundamental faultsÐvertical strike-slip, vertical dip-slip and 45u-dipping dip-slip, respectively. The coef®cients A i are the azimuthal radiation patterns of the waveform for a double-couple source and are de®ned as
A 4 1a2M xx À M yy sin 20 À M xy cos 20 ,
where Q is the forward azimuth. The components of the moment tensor are related to the orientation of the fault and auxiliary planes (Aki & Richards 1980) via
where Q, d, l and M 0 are the strike, dip, rake and scalar seismic moment, respectively. The ®rst three parameters specify the geometry and the fourth determines the amount of slip associated with a given faulting. In general, these four parameters determine the focal mechanism of a fault movement. For an extended source, the radiation pattern coef®cients and consequently the components of the moment tensor become time-dependent quantities. This time dependence can be omitted by working on frequencies well below the corner frequency of the spectra, which allows the source time function to be assumed to be Heaviside function.
The system of equations introduced in (1)±(3) are usually used for seismic moment tensor inversion (Saikia & Herrmann 1985; Shomali & Slunga 2000) , in which several seismic stations distributed in at least two quadrants of the focal sphere are employed to invert the waveforms based on a pre-computed Green's function in order to calculate the fault parameters (strike, dip and rake) and the scalar seismic moment.
In the current study it is necessary to assume that the focal mechanisms of some earthquakes are known. Given the focal mechanisms, the components of the moment tensor for a doublecouple point source can be calculated from eq. (3). Using these components, the radiation pattern coef®cients can be computed for a given seismic station from eq. (2). Thus, the only terms that remain unknown are the components of the Green's function associated with the three fundamental fault types. It has to be added that eq. (1) is only valid for one earthquake and seismic station. Expanding eq. (1) for earthquakes occurring close to each other and received by a common seismic station can be achieved as follows:
where N is the number of earthquakes in a studied area. Eq. (4) implies that the Green's function components are common between the earthquakes, which is the fundamental assumption in the current research. The vertical component of eq. (4) can be written in the following matrix form
For the radial components, the corresponding matrix can be obtained by replacing the Green's function components R SS , R DS and R DD with Z SS , Z DS and Z DD . The radiation pattern coef®cients for the vertical and radial components are the same, indicating the coupling between P and SV phases. For the tangential component the following form is given:
Eqs (5) and (6) imply that the system of linear equations introduced in eq. (4) can in principle be solved based on a leastsquares algorithm if at least theoretically more than three independent earthquakes for the vertical and radial components and more than two independent earthquakes for the tangential component are used. The system of linear equations in (4) was solved in the frequency domain for the real and imaginary parts of the time-series independently according to a damped leastsquares method. The inversion was carried out at frequencies below the corner frequency (between 0.1 and 7.0 Hz for the Icelandic data and between 0.01 and 0.1 Hz for the Iranian data) in order to allow for the assumption of a Heaviside function as the source time function.
L O C A L I C E L A N D I C E A R T H Q U A K E S
The method was applied to selected local earthquakes, 1.4<M L <2.8, taken from the South Iceland Seismic Zone (SISZ). Earthquakes within the area down to magnitude M L =x0.5 are selected and located automatically by the South Iceland Lowland (SIL) seismic network (Stefa Ânsson et al. 1993) . The focal mechanisms of the earthquakes are then determined based on the spectral amplitude method. This is routinely performed in the SIL network (Ro È gnvaldsson & Slunga 1993; Slunga et al. 1995) . The earthquakes and seismic stations used in the current study are depicted in Fig. 1 and the source parameters of the earthquakes are summarized in Table 1 . The coordinates of the Icelandic seismic stations used are given in Table 2 .
The empirical Green's functions between the given source area (Fig. 1 ) and the four seismic stations HEI, GYG, SAU and SOL were calculated based on the ®rst seven earthquakes listed in Table 1 . These Green's functions were then used to model another earthquake at the four seismic stations. Fig. 2 shows the vertical components of the earthquakes at seismic station HEI. Fig. 3 shows a comparison between observed and calculated time-series for those earthquakes used for calculating the empirical Green's function (events #1±#7) at seismic station HEI. The synthetic time-series shown in Fig. 3 are obtained by back-substituting the Green's function calculated into expression (4). All time-series are bandpassed between 0.5 and 3.5 Hz. The wavelength associated with the upper limit of the ®lter is expected to be higher than the size of the cluster. With regard to Fig. 3 , it can be seen that the method can predict the main features and phases of the observed time-series reasonably well. The method in fact tries to enhance those phases that are common among the time-series and damps those that are not. The empirical Green's function between the given source area and seismic station HEI was then used to model the eighth earthquake (event #8). The modelling was performed by substituting the resulting Green's function into expression (1), recalling that at this stage the radiation pattern coef®cients are also known because the focal mechanism of the earthquake is known. Fig. 4 shows the modelling of the eighth earthquake at seismic station HEI. In Empirical Green's functions 649 Figure 2 . Vertical components of the Icelandic earthquakes at seismic station HEI. The sampling rate is 100 Hz and no ®lter has been applied to the data. The ®rst seven earthquakes (Ev.1±Ev.7) were used for calculating the empirical Green's function. The eighth earthquake (Ev. 8) was modelled using the estimated function. The source parameters of the events are given in Table 1 . The starting time is arbitrary and the data are in counts. spectral amplitude part of the ®gure are maximum values of a cross-correlation function between the spectral amplitudes of the observed and calculated data. The spectral amplitudes for the observed and calculated data are more similar than the time-series. The correlation value is higher for the tangential component than for the other two components. The empirical Green's functions for the given fracture area and other seismic stations are then calculated in the same way as before. The modelling of event #8 at seismic station SOL is illustrated in Fig. 5. Figs 4 and 5 show reasonable matches between the spectral amplitudes of the observed and calculated time-series. The dominant oscillations in the frequency domain are predicted well.
R E G I O N A L I R A N I A N E A R T H Q U A K E
On 1990 June 20, a major earthquake occurred in northwest Iran near the town of Rasht. The earthquake, which is known as the Rudbar earthquake, was followed by a large number of aftershocks. The main shock (Ms=7.7) caused more than 40 000 deaths (Gao & Wallace 1995) . A detailed search was made to ®nd a seismic station that would have recorded the main shock and some other earthquakes from the area including aftershocks with known focal mechanisms. The broad-band seismic station KIV in Russia was found to be suitable to be used for calculating the empirical Green's function between the source area and seismic station KIV (Fig. 6) . The source parameters of the earthquakes are listed in Table 3 . Fig. 7 shows the tangential components of the main shock and the eight earthquakes from the source region, including ®ve aftershocks. All the time-series were bandpassed between 0.01 and 0.08 Hz. The upper limit of the ®lter provides a suf®ciently large wavelength in comparison with the spatial separation of the events. Similarity between the time-series is less pronounced than for the Icelandic earthquakes. This might be due to the more scattered spatial distribution of the earthquakes and larger magnitude differences.
In Fig. 8 modelling of the eight earthquakes (events #1±#8) from Table 3 is shown for tangential components. The synthetic time-series are calculated by substituting the empirical Green's function into expression (4). Prediction of the main phases on calculated time-series is considered reasonable. In order to reduce the effect of the complexity of the source time function, the inversion was performed up to 0.1 Hz, which is expected to be lower than the corner frequency of the main shock. Fig. 9 illustrates the modelling of the main shock of the 1990 June 20 Iranian earthquake at seismic station KIV for vertical and tangential components. Modelling of the main shock is achieved by inserting the empirical Green's function between the fracture area and seismic station KIV into expression (1), based on the focal mechanism of the main shock given in Table 3 . In the ®gure, the spectral amplitudes show a reasonable similarity of dominant features between the observed and calculated time-series, especially for the tangential component with the higher correlation value. For the main shock of the Iranian earthquake, some differences are apparent between the observed and calculated time-series and corresponding spectra. The tangential components show higher correlation. The lower correlation between the data may be due to the fact that the source time function of the main shock (or modelled earthquake) is different from the source time function of the earthquakes used for calculating the Green's function. Uncertainties in the focal mechanisms of the events used, their Empirical Green's functions 653 scattered spatial distribution and the larger-magnitude differences are other sources of mismatch between the observed and calculated data. The method introduced assumes that the focal mechanisms of the events are known and possible error in the focal mechanism cannot be revealed through the process.
D I S C U S S I O N A N D C O N C L U S I O N S
In the current study a method for calculating an empirical Green's function is introduced that is based on inversions of earthquakes radiation patterns. The method introduced was motivated by the work of Plicka & Zahradnõ Âk (1998) . The method is mainly based on the assumption that Green's function or propagation path effects are common between close-lying earthquakes registered at a single seismic station. The method starts by extracting the focal mechanisms of the earthquakes and combines the remaining terms according to a damped least-squares approach. The application of the method to two different data sets, local and regional earthquakes, was discussed. According to these results the method extracts common features and phases among the time-series and damps those that are not common. The method assumes known focal mechanisms of the earthquakes. Therefore, uncertain focal mechanisms might degrade the results. As for other empirical Green's function approaches, the method introduced needs no instrument correction. Furthermore, in this method it is no longer necessary to separate any phases from each other. Thus, the resulting Green's function may contain both body and surface waves. The method also does not require the use of earthquakes with the same focal mechanisms. Indeed, the method demands the use of different focal mechanisms as much as possible to place more constraints on the inversion. The method provides the possibility of calculating the empirical Green's function for each component of a seismic station individually. This can be considered as a step towards separating the source from propagation path effects, which is the fundamental aim of any empirical Green's function approach.
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